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PreviewsFinally, in models of sickle cell crisis and
septic shock wherein leukocyte adhesion
to endothelium contributes to the
pathology and ultimate demise of the
mice, survival was significantly worse if
inflammation was induced at night rather
than during the day.
One fascinating and unresolved ques-
tion relates to the local regulation of this
global rhythm: How do the same adren-
ergic stimulus and receptors induce
different adhesion molecules when acting
on different vascular beds? Intercellular
cell adhesion molecule-1 (ICAM-1) is up-
regulated in venules of the cremaster
muscle, where there were circadian differ-
ences in leukocyte adhesion, but not roll-
ing. E- and P-selectin and vascular cell
adhesion molecule-1 (VCAM-1) are upre-
gulated on bone marrow sinusoidal endo-
thelium, where leukocyte rolling exhibited
diurnal variation and was the rate-limiting
step (Figure 1). Obviously, there is more
subtlety to circadian rhythm than just
output from sympathetic nerves, and
much more to be learned.
An obvious teleologic reason for the
nighttime peak of leukocyte homing
would be to give the mice the best inflam-
matory response when they most need
it—when they are active—given that theinflammatory response evolved to heal
wounds and fight off invading microor-
ganisms (not to protect from iatrogeni-
cally injected TNF-a). Mice are nocturnal,
whereas humans are active during the
day; therefore, it stands to reason that
the exact timing of peak peripheral-
blood leukocyte levels and peak expres-
sion of endothelial ligands for leukocyte
adhesion would be the opposite in
humans, and indeed they are (Bertouch
et al., 1983; Lucas et al., 2008). Of course,
in modern society, man is not on a
strict on/off light-dark cycle, and many
stimuli, in addition to photic cues, can
entrain circadian rhythms. Therefore,
the degree of circadian entrainment of
our inflammatory system would be ex-
pected to be much lower than that of
the experimentally controlled mice. In
that light, it is even more amazing that
circadian cycles of circulating leukocyte
numbers and myocardial infarcts are
seen in outbred human populations.
In summary, the fascinating data pro-
vided by this study make it clear that
circadian fluctuations in the inflammatory
response should be considered when
designing bone marrow and solid-organ
transplant protocols and anti-inflamma-
tory therapies.Immunity 37REFERENCES
Andersson, U., and Tracey, K.J. (2012). J. Exp.
Med. 209, 1057–1068.
Arima, Y., Harada, M., Kamimura, D., Park, J.H.,
Kawano, F., Yull, F.E., Kawamoto, T., Iwakura, Y.,
Betz, U.A., Ma´rquez, G., et al. (2012). Cell 148,
447–457.
Bertouch, J.V., Roberts-Thomson, P.J., and
Bradley, J. (1983). Br. Med. J. (Clin. Res. Ed.)
286, 1171–1172.
Lucas, D., Battista, M., Shi, P.A., Isola, L., and
Frenette, P.S. (2008). Cell Stem Cell 3, 364–366.
Luyer, M.D., Greve, J.W.M., Hadfoune, M.,
Jacobs, J.A., Dejong, C.H., and Buurman, W.A.
(2005). J. Exp. Med. 202, 1023–1029.
Maury, E., Ramsey, K.M., and Bass, J. (2010). Circ.
Res. 106, 447–462.
Me´ndez-Ferrer, S., Lucas, D., Battista, M., and
Frenette, P.S. (2008). Nature 452, 442–447.
Muller, J.E., Stone, P.H., Turi, Z.G., Rutherford,
J.D., Czeisler, C.A., Parker, C., Poole,W.K., Passa-
mani, E., Roberts, R., Robertson, T., et al. (1985).
N. Engl. J. Med. 313, 1315–1322.
Scheiermann, C., Kunisaki, Y., Lucas, D., Chow,
A., Jang, J.-E., Zhang, D., Hashimoto, D., Merad,
M., and Frenette, P.S. (2012). Immunity 37, this
issue, 290–301.
Wong, K., Park, H.T., Wu, J.Y., and Rao, Y. (2002).
Curr. Opin. Genet. Dev. 12, 583–591.Guanylate-Binding Proteins:
Niche Recruiters for Antimicrobial EffectorsChristopher D. Dupont1 and Christopher A. Hunter1,*
1Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania, 380 South University Avenue,
Philadelphia, PA 19104, USA
*Correspondence: chunter@vet.upenn.edu
http://dx.doi.org/10.1016/j.immuni.2012.08.005
There are fundamental questions regarding how IFN-g activates host cells to eliminate intracellular patho-
gens. In this issue of Immunity, Yamamoto et al. (2012) demonstrate a critical role for the p65 guanylate-
binding proteins (GBPs) in this process during infection with Toxoplasma gondii.For over 30 years, IFN-g has been recog-
nized as an important cytokine capable
of activating a wide variety of host cells,
perhaps most notably macrophages, to
kill an array of intracellular bacteria and
parasites, including Toxoplasma gondii,Trypanosoma cruzi, Leishmania species,
Mycobacterium species, Listeria mono-
cytogenes, Salmonella typhimurium, and
Chlamydia trachomatis (Taylor et al.,
2004). Although the essential role of
IFN-g in immunity to these organismshas long been appreciated, the specific
mechanisms by which it confers protec-
tion are still being defined. The finding that
IFN-g can induce macrophages to pro-
duce toxic oxygen radicals (mediated in
mice partly through increased expression, August 24, 2012 ª2012 Elsevier Inc. 191
Figure 1. Mechanisms by which GBPs Mediate Immunity to Intracellular Pathogens
Toxoplasma gondii actively invades host cells and resides in a specialized nonfusogenic parasitophorous
vacuole (PV). GBPs are proposed to recruit IRGs, leading to the disruption of PV membrane and the killing
of the parasite. In contrast, intracellular bacteria such as Mycobacteria and Listeria are phagocytosed
by the host cell. GBPs are proposed to recruit autophagic machinery, antimicrobial peptides, and compo-
nents of the NADPH oxidase to the phagosome. The NADPH oxidase generates reactive oxygen species,
which are involved in sequestering Listeria within the phagosome and controlling bacterial infection.
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Previewsof inducible nitric oxide synthase [iNOS])
provides an explanation for its antimicro-
bial activities (MacMicking et al., 1997).
However, a series of studies has identified
an essential IFN-g-dependent, iNOS-
independent mechanism of controlling
T. gondii in mice mediated by a group of
IFN-g-inducible GTPases, called the
immunity-related GTPases (IRGs, also
referred to as p47 GTPases) (Taylor
et al., 2004). Thus, mice deficient in
Irgm3 (also referred to as IGTP) when in-
fected with T. gondii produce normal
amounts of IFN-g but are unable to
control parasite replication (Taylor et al.,
2004). Several members of this family
are required for resistance to T. gondii
and other intracellular pathogens, but
the requirements for specific IRGs vary
with the challenge, indicating a diversity
of functions catered to specific microor-
ganisms. In humans, a member of the
IRG family, IRGM, has been proposed
to promote autophagy of Mycobacteria-
containing vacuoles (Singh et al., 2006).
However, while genes encoding over
20 IRGs have been identified in mice, the
human genome only contains two, and
their expression is not induced by IFN-g
(Taylor et al., 2004). Despite this lack of192 Immunity 37, August 24, 2012 ª2012 Elsgenetic conservation, it is possible that
the protective effects of IFN-g in humans
are mediated by functional orthologoues
of murine IRGs. In mice, IRGs can
function by promoting autophagy or
acidification of vacuoles containing
Mycobacterium tuberculosis, and recruit-
ment of IRGs to the membrane of the
parasitophorous vacuole (PV) that con-
tains T. gondii leads to rupture of this
compartment (Howard, 2008). However,
questions remain regarding how IRGs
mediate these events, how they interact
with one another, and whether there are
mechanisms that allow the tailored
recruitment of IRGs to different intracel-
lular niches that contain pathogens.
The p65 guanylate-binding proteins
(GBPs) are another family of enzymes
implicated in immunity to intracellular
pathogens, and expression of GBPs can
be induced by IFN-g in human andmurine
cells (Vestal and Jeyaratnam, 2011).
GBPs belong to the dynamin superfamily
and, like other members of this super-
family, demonstrate the ability to oligo-
merize, perform enzymatic functions,
and interact with membranes. GBPs
can localize to vacuoles that contain
S. enterica, C. trachomatis, and T. gondii,evier Inc.and overexpression of Gbp1 or Gbp2
inhibits growth of C. trachomatis. More-
over, in macrophages infected with
S. enterica, increased expression of
Gbp5 promotes pyroptosis (a proinflam-
matory mechanism of cell death),
whereas silencing this gene has the
opposite effect (Vestal and Jeyaratnam,
2011). Last year, a report by Kim et al.
provided the first in vivo evidence that
GBPs are critical for immunity, as mice
deficient in Gbp1 were more susceptible
to challenge with Mycobacterium bovis
or L. monocytogenes (Kim et al., 2011).
This phenotype was attributed to a role
for GBPs in transporting antimicrobial
peptides, autophagic machinery, and
components of the NADPH oxidase to
the phagosomal compartments that
contained the bacteria (see Figure 1).
The NADPH oxidase functions by pro-
moting the generation of reactive oxygen
species, which have been implicated in
immunity to M. bovis and inhibit the
ability of L. monocytogenes to escape
the phagosome and replicate in the cyto-
plasm (Kim et al., 2011).
In this issue of Immunity, Yamamoto
et al. (2012) report the development of
a mouse model deficient in several
members of the GBP family and demon-
strate an essential role for GBPs in immu-
nity to T. gondii. In mice, the 13 members
of the GBP family are located in two clus-
ters on chromosomes 3 and 5, and the
authors deleted the portion of chromo-
some 3 that encodes Gbp1, Gbp2,
Gbp3, Gbp5, Gbp7, and Gbp2ps. While
these mice (GbpChr3-deficient) are unex-
pectedly resistant to L. monocytogenes,
they are acutely susceptible to toxoplas-
mosis, associated with increased parasite
burdens. Surprisingly, although GbpChr3-
deficient macrophages stimulated with
IFN-g had a defect in their ability to inhibit
the replication of T. gondii, the generation
of reactive oxygen species and the
recruitment of proteins involved in au-
tophagy appeared to be normal. Rather,
the GBPs were found to interact directly
with Irgb6, a member of the IRG family
that promotes clearance of the parasite
(Fentress and Sibley, 2011). The authors
also report that GBPs are required for
optimal recruitment of Irgb6 to the PV
and propose that GBP-mediated recruit-
ment of IRGs is necessary for disruption
of thePVandparasite killing (see Figure 1).
These findings provide insight into the
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Previewsantimicrobial effects of IFN-g, and when
combined with the observations that
the autophagy protein Atg5 promotes
recruitment of host immune enzymes
such as the IRG Irga6 (Fentress and Sib-
ley, 2011), a fuller picture of the complex
events required to control parasite repli-
cation emerges.
The differences in GBP function ob-
served in the two recent reports suggest
that the GBPs mediate protection
through different mechanisms, depend-
ing on the intracellular niche of the infec-
tious agent. Although both M. bovis
and L. monocytogenes are phagocy-
tosed, M. bovis establishes a replicative
niche in the phagosome, whereas
L. monocytogenes transits through the
endolysosomal system before accessing
the cytoplasm. In contrast, T. gondii
actively invades any host cell and
creates a unique nonfusogenic parasito-
phorous vacuole (PV). Furthermore,
NADPH, which is required to sequester
L. monocytogenes in the phagosome
and control infection with M. bovis, is
dispensable for immunity to T. gondii
(Egan et al., 2011). Additionally, although
the autophagy and lysosomal fusion
of vacuoles containing Mycobacterium
species has been observed, the disposal
of T. gondii parasites occurs after the
PV is ruptured. Conceivably, a phago-
some may be more amenable to acidi-
fication, autophagy, lysosomal fusion,
or the generation of reactive oxygen
species mediated by NADPH than the
PV in which T. gondii resides, thus
requiring an alternative mechanism to
control this parasite. As mice with defi-
ciencies in GBPs continue to be studied
in the contexts of other infections, the
relationship between IFN-g-dependent
defense mechanisms mediated by
individual GBPs and IRGs and the patho-
gen’s intracellular niche should become
apparent.Although the recent reports on GBPs
have demonstrated their distinct roles in
the ability of IFN-g to promote macro-
phage-mediated killing of diverse patho-
gens, the studies with T. gondii also
highlight major knowledge gaps. For
example, IFN-g-activated macrophages
that lack GbpChr3 have a reduced ability
to inhibit growth of T. gondii, but a similar
deficiency has not been linked to any
single member of the IRG family. Thus,
consistent with the previous report that
links Gbp1 to other, presumably IRG-
independent antimicrobial effector mech-
anisms, these GBPs are likely to have
additional roles in coordinating the
control of T. gondii. The current work
also demonstrates that neutralization of
IFN-g in GbpChr3-deficient mice results
in a further increase in parasite burden
and that treatment of GbpChr3-deficient
macrophages with IFN-g plus tumor
necrosis factor (TNF)-a can overcome
the defect in killing parasites. These
results reveal that there are pathways in
which IFN-g functions independently of
the GBPs on chromosome 3. One expla-
nation for these in vivo results may be
that the full protective effects of IFN-g
require the seven GBPs clustered on
chromosome 5. The finding that the
inclusion of TNF-a overcomes the defect
in GbpChr3-deficient macrophages also
demonstrates the principle that multiple
inflammatory signals, in addition to
IFN-g, are often necessary for the cell-
intrinsic mechanisms that allow the
control of pathogens. Requirements for
multiple inflammatory stimuli to augment
the effects of IFN-g may result from
adaptations of pathogens to evade
immune mechanisms induced by IFN-g.
Consistent with this notion, virulence
factors secreted by T. gondii can inhibit
the recruitment of Gbp1 to the PV (Vir-
reira Winter et al., 2011; Fentress and
Sibley, 2011). This finding emphasizesImmunity 37the importance of GBPs in immunity to
T. gondii and suggests that other patho-
gens may interfere with this pathway.
Understanding the mechanisms by which
pathogens evade IFN-g, and how other
stimuli that synergize with IFN-g interact
with GBPs and other immune response
mechanisms to enhance control of
infection, remains a challenge for future
studies. Further, the development of
additional mouse models with defi-
ciencies in IRGs, such as Irgb6, will aid
in determining the relative importance of
GBPs as recruiters of IRGs, and to what
extent GBPs mediate their critical pro-
tective effects through IRG-independent
mechanisms.REFERENCES
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